The ~ 1.2 kb 5′ noncoding region of mRNA species encoding mouse Kv1.4, a member of the Shaker-related subfamily of voltage-gated potassium channels, was shown to mediate internal ribosome entry in cells derived from brain, heart, and skeletal muscle, tissues known to express Kv1.4 mRNA species. We also showed that the upstream ~ 1.0 kb and the downstream ~ 0.2 kb of the Kv1.4 5′ NCR independently mediate internal ribosome entry; however, separately, these sequences were less efficient in mediating internal ribosome entry than when together in the complete (and contiguous) 5′ NCR. Using enzymatic structure probing, the 3′-most ~ 0.2 kb was predicted to form three distinct stem-loop structures (stem-loops X, Y, and Z) and two defined single-stranded regions (Loops Ψ and Ω) in the presence and absence of the upstream ~ 1.0 kb.
INTRODUCTION
Potassium channels are ubiquitously expressed in nature, facilitating diverse cellular processes in response to intra-and extra-cellular changes (1) . Voltage-gated potassium (Kv) channels modulate action potentials in electrically excitable cells and facilitate cell proliferation, cell volume regulation, and secretion in non-electrically excitable cells. Kv channel genes encode a single α-subunit which forms potassium-selective pores through the assembly of tetramers.
Physiological stimulation during stress regulates transcription through the release of hormones and neurotransmitters (2) . Similar changes are also observed in response to pharmacological agents and with the onset of pathological conditions. Post-translational modifications, interactions with auxilliary β-subunits, and heterotetramerization between subfamily members may alter channel properties, promote cell surface expression, and/or modify channel localization (1, 3) .
Many mammalian Kv channel mRNA species contain extensive 5′ and 3′ noncoding regions (NCRs) (4) . The noncoding regions of many eukaryotic mRNAs have been shown to regulate gene expression by affecting mRNA localization, mRNA stability, and translation.
Although the roles of the 5′ and 3′ NCRs in Kv channel expression have yet to be investigated in detail, the presence of unusually long 5′ NCRs in this gene family raised the possibility that such polypyrimidine tract (4) . Dicistronic assays in cell culture and in vitro indicated that the 5′ NCR of mKv1.4 mRNAs mediates internal ribosome entry (4) .
Translation initiation of most eukaryotic mRNAs is mediated through the cap-and enddependent mechanism of ribosome scanning (12) . However, atypical features within the 5′ NCR, including extensive length, stable secondary structure, and multiple upstream initiation codons, have been shown to inhibit ribosome scanning (13) . Additionally, cellular conditions unfavorable to conventional cellular protein synthesis necessitate the existence of alternative mechanisms of translation initiation.
Internal ribosome entry, initially described for two small positive-strand RNA viruses (14, 15) , has since been identified in other positive-strand RNA viruses (16) as well as gammaherpesviruses (17) (18) (19) . Since the identification of the first cellular internal ribosome entry site (IRES) (20) , cellular IRES elements have been shown to facilitate protein expression when cap-dependent translation is down-regulated during picornaviral infection (21, 22) , mitosis (G2/M phase) (23, 24) , apoptosis (25, 26) , differentiation (27) , and cellular stress (28) (29) (30) (31) (32) (33) (34) . The study of cellular IRES elements has revealed the significance of internal ribosome entry in cellular gene expression and has underscored important aspects in the analysis of IRES elements (35) .
In this paper, two different subsets of mKv1.4 5′ NCR sequences are shown to independently mediate internal ribosome entry. These sequences demonstrated cell-type specific activities distinct from those mediated by a viral IRES. RNA structure probing indicates that the 3′-most ~ 0.2 kb forms defined structural elements in the presence and absence of the upstream ~ 1.0 kb. Deletion of sequences within the 3′ ~ 0.2 kb resulted in distinct changes in 0.2-and 1.2-mediated expression, initially indicating that specific RNA elements may positively or negatively Deletions within the 3′-most ~ 0.2 kb of mKv1.4 5′ NCR were created using a PCR-based deletion mutagenesis scheme previously described by Imai et al. (37) . Briefly, divergent, nonoverlapping oligonucleotides flanking targeted sequences were used to PCR amplify p229luc or p1209luc with thermophilic DNA polymerases, Deep Vent R or PfuTurbo (Stratagene). Plasmid template was removed by Dpn I digestion, leaving PCR-amplified DNA fragments which were gel purified, phosphorylated with T4 polynucleotide kinase, and transformed into competent XL1-Blue bacteria. Deletions were verified by restriction digest and sequence analysis.
The following oligonucleotides were utilized for deletion mutagenesis: 1703N (5′-
ACCACCATGGAAGACGCCAA-3′), 1732N
(5′-ACAACTGGAAGCAGCCATTT-3′),
1740N (5′-CTTCTCTTACAACTGGAAGC-3′), 1880N (5′-TAAGGCTTCCAAACTTACCT-3′), 1840N
(5′-GTTGGACTGAAAATATCCCA-3′), 1880N (5′-
Deletions at the 3′ end of 0.2 (3′∆), ∆1′, ∆pY, ∆1, ∆2, and ∆3, were generated using oligonucleotide pairs 1703N/1740X, 1732N/1758X, 1703N/1780X, 1740N/1780X, and 1740N/1830X, respectively. Deletions at the 5′ end of 0.2 (5′∆), ∆4, ∆5, ∆6, ∆7, ∆8, and ∆9, were generated using oligonucleotide pairs 1800N/1830X, 1800N/1880X, 1840N/1880X, 9 pRstCVB3F was generated by inserting the 5′ NCR of coxsackievirus B3 into p2luci-fxnk1, a dicistronic construct containing a hairpin and additional intercistronic sequences.
p2luci-fx was linearized with Not I, treated with Klenow fragment, and subsequently religated with T4 DNA ligase to generate p2luci-fxnk. p2luci-fxnk1 was generated by inserting a 148 bp fragment, excised from pTrap +1 (Leong and Semler, unpublished) with Stu I and Apa I, between the blunted Sal I and Apa I sites of p2luci-fxnk, introducing a hairpin previously described by
Vagner et al. (39) and additional restriction sites, including Pac I and Not I. pT7CVB+1 was generated by inserting the 5′ NCR of CVB3 into pTrap +1 with restriction sites Pac I and Not I.
The 5′ NCR of CVB3 was PCR amplified from pCVB3-0 (40) with CVB3 Pac I (+) (5′-CCTTAATTAATTAAAACAGCCTGTGGGTTGA-3′) and CVB3 Not I (-) (5′-ATAAGATATGCGGCCGCTCCCATTTTGCTGTATTCAACTTA-3′). CVB3 5′ NCR sequences were removed from pT7CVB+1 using Pac I and Not I and inserted into p2luci-fxnk to generate p2luci-fxnkC1. Finally, p2luci-fxnkC1 was linearized with Bam HI, treated with Klenow fragment, and religated to generate pRstCVB3F.
Dicistronic constructs lacking the SV40 promoter, the chimeric intron, and the T7 promoter were generated by two-or three-fragment ligations. The vector backbone of pRstF was isolated by digesting the plasmid with Nco I and Not I to remove sequences encompassing the SV40 promoter to the end of firefly luciferase. The vector was ligated with the Nhe I-Not I fragment isolated from pRstF, pRst1.2F, pRst0.2F, and pRst1.0F or two fragments from pRstCVB3F, generated by digestion with Nhe I, Pac I, and Xba I. Additionally, following restriction digestion with Nco I and Nhe I, reactions were incubated with T4 DNA polymerase to fill-in 3′ overhangs.
Unless noted, enzymes were obtained from New England BioLabs.
In vitro transcription
Dicistronic constructs were digested with Not I or Xba I and p229/229∆luc constructs were digested with Bst BI. Linearized plasmids were subjected to phenol/chloroform extraction and ethanol precipitation. In vitro transcription reactions were performed using 1.0 µg of linearized template and incubated at 37°C for four hours (Ambion). Reactions were subsequently treated with DNase I at 37°C for 30 minutes, subjected to phenol/chloroform extraction, and isolated using RNeasy columns (Qiagen).
Transient transfection
Cells were seeded 24 to 48 hours before transfection, generating monolayers with 50-80% Following hybridization, membranes were initially washed with 2X SSC, 0.1% SDS at ambient temperature and subsequently washed with 0.2X SSC, 0.1% SDS at ambient temperature, 37°C, and 42°C and exposed to a phosphorimager screen. The membrane was subsequently reprobed for β-actin to determine relative RNA loading. Images were quantified using Quantity One version 4.3.0 (BioRad).
Random primer-labeling of DNA fragments and 5′ end-labeling of oligonucleotides
Random hexamer priming reactions were perform based on methods previously described (41, 42) . A ~ 1.7 kb fragment encoding the firefly luciferase coding region was excised from pRstF using Nco I and Not I and a ~ 1.8 kb fragment excised from a plasmid containing human β-actin cDNA sequences (43 
Enzymatic structure probing by primer extension
RNA structure probing was carried out as a modification of methods described previously (44) (45) (46) . In vitro transcribed RNA (0. 2.5-3.0 µl of each sample was resolved on an 8% polyacrylamide-7 M urea gel with appropriate sequencing ladders.
Secondary structure predictions
Secondary structure predictions were generated for mKv1.4 5′ NCR sequences using mfold (version 3.1) by Zuker and Turner with the latest energy parameters under default conditions (http://www.bioinfo.rpi.edu/applications/mfold/old/rna/) (47, 48) . Figures 3B, right panel) . In PrCM, 5′ deletions increased 0.2 expression ≥ 3 to 4-fold, equal to or greater than wild type 1.2 ( Figure 3C, left panel) , while deletions introduced into 1.2 minimally affected expression ( Figure 3C , right panel). Deletion of the polypyrimidine tract also decreased 0.2-and 1.2-mediated expression to background levels in PrCM ( Figure 3C ).
Results

The
Similar results were observed in SK-N-SH cells (data not shown).
Secondary structure analysis of mKv1.4 5′ NCR sequences
To investigate the relationship between RNA structure and IRES function, enzymatic structure probing and the RNA folding algorithm mfold were used to examine mKv1.4 5′ NCR sequences.
In vitro transcribed RNAs were subjected to partial digestion using RNases with specificities for paired (RNase V 1 ) and unpaired (RNases T 1 , PhyM, and CL3) nucleotides. Nucleotide-specific cleavage was detected by primer extension and subsequent analysis on a sequencing gel. Since RNA cleavage occurs 3′ of the nucleotide, reverse transcribed products are one nucleotide shorter than the corresponding fragment on the DNA sequencing ladder.
The 3′ terminal 200 nucleotides of mKv1.4 5′ NCR had previously been predicted to form an extended helix flanked by three distinct stem-loop structures (4). Using constraints determined by enzymatic structuring probing (Figure 4 ), 0.2 was predicted to form the structure shown in Figure 5A . Although encompassing additional upstream nucleotides, the structure for Figure   8C ). Therefore, differences in 0.2∆8-and 0.2∆9-mediated expression may be attributed to the ability of sequences within 0.2∆8 to form a structurally/functionally equivalent element that compensates for the disruption of Loop Ψ ( Figure 5E ).
Discussion
In this study, we used dual luciferase dicistronic constructs to investigate internal ribosome entry mediated by mKv1.4 5′ NCR sequences in several mammalian cell lines ( Figure 1B When sequences between stem-loop X and the polypyrimidine tract were deleted, as in 0.2∆4, expression increased ( Figure 3) ; however, RNase cleavage within stem-loop X, but not the polypyrimidine tract, changed ( Figure 6D and 7C ). An alternative stem-loop structure corresponding to stem-loop X in 0.2 was predicted to include a GNRA tetraloop, a highly stable RNA motif ( Figure 5D , denoted stem-loop X′). Therefore, stem-loop X is likely to be a significant structural element, forming a focal point for higher order RNA interactions. by guest on July 15, 2017 
